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Aims Myocardial stunning is a contractile dysfunction that occurs after a brief ischaemic insult. Substantial evidence sup­
ports that this dysfunction is triggered by Ca2+ overload during reperfusion. The aim of the present manuscript is 
to define the origin of this Ca2+ increase in the intact heart.
Methods 
and results
To address this issue, Langendorff-perfused mouse hearts positioned on a pulsed local field fluorescence microscope 
and loaded with fluorescent dyes Rhod-2, Mag-fluo-4, and Di-8-ANEPPS, to assess cytosolic Ca2+, sarcoplasmic reti­
culum (SR) Ca2+, and transmembrane action potentials (AP), respectively, in the epicardial layer of the hearts, were 
submitted to 12 min of global ischaemia followed by reperfusion. Ischaemia increased cytosolic Ca2+ in association 
with a decrease in intracellular Ca2+ transients and a depression of Ca2+ transient kinetics, i.e. the rise time and decay 
time constant of Ca2+ transients were significantly prolonged. Reperfusion produced a transient increase in cytosolic 
Ca2+ (Ca2+ bump), which was temporally associated with a decrease in SR-Ca2+ content, as a mirror-like image. Caf­
feine pulses (20 mM) confirmed that SR-Ca2+ content was greatly diminished at the onset of reflow. The SR-Ca2+ 
decrease was associated with a decrease in Ca2+ transient amplitude and a shortening of AP duration mainly due to a 
decrease in phase 2.
Conclusion To the best of our knowledge, this is the first study in which SR-Ca2+ transients are recorded in the intact heart, 
revealing a previously unknown participation of SR on cytosolic Ca2+ overload upon reperfusion in the intact 
beating heart. Additionally, the associated shortening of phase 2 of the AP may provide a clue to explain early reper­
fusion arrhythmias.
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1. Introduction
Reperfusion after ischaemia causes a mechanical and electrical 
impairment of ventricular function.1 5 The ischaemic insult may 
lead to an injury that could be reversible (stunning) or irreversible 
(infarction).6 It is generally held that the two major triggers of myo­
cardial stunning are Ca2+ overload and generation of reactive 
oxygen species.6 Both take place at the onset or within seconds 
after the onset of reperfusion, supporting experimental evidence 
that suggests that myocardial dysfunction/injury occurred prior
to reperfusion or developed extremely rapidly during reperfusion.7 
Abnormal intracellular Ca2+ cycling plays a key role in cardiac dys­
function and ventricular arrhythmias, particularly during the setting 
of transient cardiac ischaemia followed by reperfusion. Several 
reports describe an increase in cytosolic Ca2+ during ischae­
mia.4,8,9 However, a detailed description of intracellular Ca2+ kin­
etics, necessary for complete understanding of the involvement of 
Ca2+ in the ischaemia/reperfusion damage in the intact beating 
heart, has not been yet provided. At the onset of reperfusion, 
Ca2+ overload is thought to be further exacerbated by
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uncontrolled influx from the extracellular space.7,10 In a previous 
work, in which we studied the time course of intracellular Ca2+ 
during reperfusion, a noticeable episode was consistently observed 
immediately after reperfusion. This event was a slight but consist­
ent transient increase in diastolic Ca2+ (Ca2 1 bump), which then 
decreased towards pre-ischaemic values.5 This diastolic Ca2+ 
elevation occurred when the amplitude of Ca2+ transient was 
highly decreased. Although the increase in Ca2+ is brief, it might 
have important functional consequences because, at this time, 
intracellular Ca2+ attained the highest levels during reperfusion. 
However, its underlying mechanisms and physiological relevance 
have not been previously explored. Interestingly, a possible contri­
bution of Ca2+ release from the sarcoplasmic reticulum (SR.) in the 
genesis of Ca2+ overload at the onset of reperfusion has not been 
mechanistically evaluated before in intact hearts. This is particularly 
important in the light of new experiments revealing interactions 
between mitochondria and the endoplasmic/SR.11,12
The hypothesis underlying the present experiments is that the 
transient increase in diastolic Ca2+ at the beginning of reperfusion 
is due to Ca2+ releasefrom theSR. The SR-Ca2 1 depletion produced 
by this release of Ca2+would diminish the amplitude of the following 
Ca2+ transients and shorten the action potential (AP), a condition 
that would in turn favour the appearance of arrhythmias. Interest­
ingly, the epicardium, which is the outermost muscular layer of 
cardiac ventricle, is highly implicated in the genesis of several ventri­
cular arrhythmias such as the Brugada syndrome and the short-QT 
syndrome.13,14 The duration of the AP (in particular phase 2) is cri­
tically dependent on the intracellular Ca2+ dynamics.15,16 Conse­
quently, Ca2+ release from the SR is not only the key event 
triggering cardiac contraction but also could be a regulator of the 
electrical properties of the epicardial AP.
The effects of ischaemia/reperfusion on intracellular Ca2+ have 
been previously studied in cell suspensions or monolayers 
exposed to simulated ischaemia.17,18 Moreover, intracellular 
Ca2+ measured in intact organs have been reported since the 
late 1980s, using the visible light-emitting protein aequorin or flu­
orescent indicators such as lndo-1, Fura-2, Fluo-3, or the more 
recently introduced Rhod-2.5,9,19 To our knowledge, subcellular 
Ca2+ measurements in the intact heart, i.e. at the level of the orga­
nelles, have never been reported. In the present study, we used a 
novel technique, the pulsed local-field fluorescence (PLFF) 
microscopy,20 which allows for the simultaneous detection of 
cytosolic Ca2+ transient and/or SR-Ca2 1 transient and transmem­
brane AP, in the intact beating heart together with the assessment 
of left intra-ventricular pressure with an integrated silicon piezore- 
sistive transducer system. Evidence will be presented demonstrat­
ing that SR-Ca2+ release contributes to the transient cytosolic 
increase of Ca2+ at the onset of reperfusion. It will be further 
shown that, by depleting the SR of Ca2+, this release underlies 
the associated decrease in Ca2+ transient amplitude and may con­
tribute to the shortening of AP during early reperfusion.
2. Methods
2.1 Heart preparation
The hearts were obtained from young Swiss Webster mice (3- to 
7-week-old males). Animals used in this study were maintained in 
accordance with the National Institutes of Health Guide for the 
Care and Use of Laboratory Animals (NIH Publication No. 85-23, 
Revised 1996). The protocol was approved by the University of Cali­
fornia Merced Institutional Animal Care and Use Committee (No. 
2008-201). For details of this and the following methods sections, 
see Supplementary material online.
2.2 Electrocardiogram and ventricular 
pressure measurements
Transmural electrocardiogram (ECG) was recorded with a self-made 
DC coupled instrumentation amplifier (Burr Brown, TX, USA). Ventri­
cular pressure was isovolumetrically measured with the aid of a plastic 
balloon and a differential pressure transducer (Motorola, USA)5
2.3 Fluorophores loading
Mag-fluo-4 AM, Rhod-2 AM, and Di-8-ANEPPS (Invitrogen, USA) were 
used to evaluate intra-SR, cytosolic Ca2 concentrations, and trans­
membrane AP, respectively, in the epicardial layer of the mouse hearts.
2.4 Optical setup
A modified version of our custom-made setup for PLFF microscopy 
was employed to measure Ca2 signals in the intact heart.20
2.5 Experimental protocol
After stabilization (pre-ischaemia), hearts were subjected to 12 min 
normothermic global ischaemia. Coronary perfusion was then 
restored for 30 min (reperfusion). This protocol was chosen based 
on the results of previous experiments which indicate that this ischae­
mic period produced a reversible altered Ca2 handling and mechan­
ical dysfunction, typical of the stunned heart.5,8 Myocardial contractility 
and Ca2 transients were not altered in control experiments (n = 4), 
in which all conditions of the ischaemia/reperfusion protocol (dye 
loading, shutter opening time for acquisition), except for the interrup­
tion of coronary flow, were reproduced.
2.6 Caffeine pulses
To evaluate intracellular SR-Ca2 content, we measured the release of 
Ca2 from the SR induced by a 20 mM caffeine pulse in Rhod-2 and 
Mag-fluo-loaded hearts. Caffeine pulses were applied along with the 
Tyrode solution. Normal Tyrode was changed to Tyrode plus caffeine 
20 mM, while the heart was electrically paced. After 1 min, the per­
fusion solution was changed back to normal Tyrode without caffeine. 
The highest diastolic level achieved during caffeine pulse was used to 
evaluate SR-Ca2 content. Application of caffeine might not be homo­
geneous in the whole heart. However, in these experiments, we per­
formed the measurements of fluorescence in the same spot (where 
the optic fibre was positioned), during the whole protocol, which 
would assure homogenous fluorescence along the complete ischae­
mia/reperfusion protocol.
Two successive caffeine pulses were always performed. In control 
experiments, two successive pulses, separated by a 6 min interval, 
were applied in the pre-ischaemic period. In the ischaemia/reperfusion 
experiments, the second pulse was applied after 6 min of reperfusion 
and was compared with a first pulse evoked in the pre-ischaemic 
period.
2.7 Data analysis
Data are expressed as mean + SEM. Statistical significance was deter­
mined by either Student’s t-test for unpaired observations or ANOVA 
followed by Newman Keuls test, when more than two groups were 
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compared. The differences were considered statistically significant if 
P-value was less than 0.05.
3. Results
3.1 Cytosolic Ca2+ and Ca2+ kinetics 
during ischaemia
Several laboratories including ours have previously showed that 
ischaemia increased end-diastolic pressure (EDP), in association 
with a decrease in developed pressure (DP), to non-detectable 
levels.3,5,21 EDP was further increased at the onset of reperfusion, 
whereas DP was greatly diminished with respect to pre-ischaemia 
(Figure 1). To gain further insights into the origin of these typical 
alterations of the ischaemic/reperfused heart, we explored the 
pattern of intracellular Ca2+ changes during ischaemia/reperfusion.
Figure 2A shows atypical example of cytosolic Ca2 1 changes in a 
mouse heart at 3 min of global ischaemia. In agreement with the 
previous findings in several species and ischaemia/reperfusion 
models,4,8,9 ischaemia produced a substantial increase in diastolic 
and systolic Ca2+ which was associated with a decrease in Ca2 1 
transient amplitude. The inset in Figure 2A indicates that blebbista­
tin, a mechanical uncoupler that prevents contractions by inhibiting 
actin-myosin interaction,22 did not alter intracellular Ca2+ kinetics 
(Supplementary material online). Figure 2B and C shows overall 
results of the increase in diastolic and systolic Ca2+ and the associ­
ated decrease in Ca2+ transient amplitude, which reached 20% of 
pre-ischaemic values within the first 5 min of ischaemia. Insets 
show that the presence of blebbistatin did not modify the results 
observed in the absence of the uncoupler. Blebbistatin exper­
iments provide evidence that no significant artifactual fluorescence 
changes were produced by contraction movements. Figure 2D and 
E shows that the kinetics of intracellular Ca21 transients was 
slowed down during ischaemia. Both the rise time and decay 
time constant of Ca2+ transients were significantly prolonged, in
reperfusionControl 12 min ischaemia
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Figure I Time course of left ventricular pressure in a mouse 
heart submitted to ischaemia/reperfusion. Typical records of 
left ventricular DP showing that ischaemia increased EDP and 
reduced contractility to non-detectable levels. Reperfusion pro­
duced an immediate and long lasting increase in EDP. Contracti­
lity was depressed at the beginning of reflow and recovered 
during reperfusion. Similar results were obtained in six additional 
experiments of this type.
agreement with the strong inhibition exerted by ischaemia/acidosis 
on SR-Ca2+ release and reuptake.23 25
3.2 Cytosolic Ca2+ and Ca2+ kinetics 
during reperfusion
Figure 3A shows typical records of intracellular Ca21 transients at 
different times during reperfusion. Intracellular Ca2+ transients 
were completely depressed at 1 min of reperfusion and slowly 
recovered towards pre-ischaemic levels during reperfusion. 
Figure 3B shows overall results of the time course of diastolic and sys­
tolic Ca2+ at the end of ischaemia and during the first minutes of 
reperfusion. Consistent with Ca2+ measurements during ischaemia, 
diastolic and systolic Ca2+ emerged from ischaemia at a high level 
with respect to pre-ischaemia. At the onset of reperfusion, there 
was a slight but consistent transient increase in cytosolic Ca2+ 
(Ca2+ bump) which was associated with diminished Ca2 1 transient 
amplitude. Figure 3C shows that Ca2 1 transient amplitude increased 
with reperfusion. Similar results were obtained in the presence of 
blebbistatin (Insets). Figure 3D and E shows overall results of Ca2 1 
transients kinetics during reperfusion. Whereas the decay time con­
stant of Ca2+ transient fully recovered (Figure 3E), the time from 10 
to 90% rise did not reach pre-ischaemic levels within the 30 min 
period of reperfusion (Figure 3D).
3.3 The increase in cytosolic Ca2+ at the 
onset of reperfusion is due to SR-Ca2+ 
release
Figure 4A shows a typical example of cytosolic Ca2 1 increase at the 
beginning of reperfusion in an expanded time scale. Since the mech­
anism ofthis transient increase is not obvious, we explored the possi­
bility that the SR was involved. To test this hypothesis, we evaluated 
the intra SR-Ca2+ content, by estimating the change in cytosolic 
Ca2+ produced when Ca2 1 was released from the SR following an 
application of a 20 mM caffeine pulse through the coronary system 
in Rhod-2 loaded hearts. Figure 4E> and C shows that two successive 
caffeine pulses separated by a 6 min interval induced a reproducible 
increase in diastolic Ca2+. In contrast, a caffeine pulse applied at the 
beginning of reperfusion produced a smaller diastolic Ca2+ increase 
compared with that produced in pre-ischaemia (Figure 4D), 
suggesting that SR-Ca2+ content was lower at the beginning of post- 
ischaemic recovery than before ischaemia. Overall results are shown 
in Figure 4E. The decrease in SR-Ca2 1 content observed might be 
explained by either one of the following possibilities: (i) the 
SR-Ca2+ content diminishes during ischaemia and is lower at the 
beginning of reperfusion than before ischaemia; (ii) the onset of 
reperfusion is associated with a release of Ca2+ from the SR, 
which causes SR-Ca2+ depletion, so that after 6 min of reperfusion, 
SR-Ca2+ content was lower than before ischaemia. To directly 
explore these possibilities, hearts loaded with Mag-fluo-4 were chal­
lenged with the ischaemia/reperfusion protocol, whereas the intra­
luminal SR-Ca2+ was continuously monitored. The procedure for 
dye loading and intra SR-Ca2+ measurement with Mag-fluo-4 is illus­
trated in Figure 5A. The dye was loaded at room temperature using 
coronary retroperfusion. After 30 min, temperature was increased 
to 37"C. As illustrated in Figure 5A, fluorescent transients recorded 
under these conditions show both a positive deflection due to
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Figure 2 Time course of intracellular Ca2 transient and kinetics during ischaemia. (A) Typical recordings of intracellular Ca2 transients in an 
intact beating heart before and at 3 min of ischaemia. (B-E) Overall results showing that ischaemia increased diastolic and systolic Ca2 (B), 
decreased the amplitude of Ca2 transient (C), and slowed Ca2 kinetics of Ca2 transients (D-E), n = 8. Decay time constant was calculated 
as time between 10 and 90% decline divided by 2.2. Similar results were obtained in the presence of 10 p.M of the mechanical uncoupler bleb- 
bistatin (BBS) (Insets in B-C. Axis legends in the insets are the same as the corresponding figure), n = 3.
A
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A
Downloaded from https://academ
ic.oup.eom
/cardiovascres/article-abstract/85/4/671/297526 by guest on 26 August 2019
--------------------------------------------------------- 30-1--------------------------------------------------------------
0 SOO 1000 1500 2000 0 SOO 1000 1500 2000
Ropartuuon limo (>) RmrtuHxi lima (•)
Figure 3 Time course of intracellular Ca2 transient and dynamics during reperfusion. (A) Typical recordings of intracellular Ca2 transients 
before ischaemia and during reperfusion. (B) Overall results of the time course of diastolic and systolic Ca2 at two different times during 
ischaemia (8 and 10 min) and the first minutes of reperfusion. The increase in cytosolic Ca2 at the beginning of ischaemia (Figure 2) still per­
sisted at the end of ischaemia. Cytosolic Ca2 transiently increased at the onset of reperfusion and then decreased towards pre-ischaemic 
values. (C) Amplitude of Ca2 transients. (D and E) Rising time and decay time constant of Ca2 transient, n = 8. Decay time constant was 
calculated as time between 10 and 90% decline divided by 2.2. (B-D) Arrows indicate pre-ischaemic values and the same time points 
during reperfusion. Insets indicate that similar changes in Rhod-2 fluorescence were obtained in the presence of 10 pM of blebbistatin 
(BBS) (Insets in B and C. Axis legends in the insets are the same as the corresponding figure), n = 3.
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Figure 4 Changes in Rhod-2 fluorescence during reperfusion and in the response to caffeine pulses applied before ischaemia and during 
post-ischaemic recovery. (A) Typical recording of the time course of diastolic Ca2+ during the first 90 s of reperfusion, in an expanded time 
scale. As already shown (Figure 3), the onset of reperfusion produced a rapid and transient increase in diastolic Ca2+. (B and C) Two successive 
caffeine pulses during pre-ischaemia induced a similar increase (amplitude) in diastolic Ca2+ (AAdiastolic). AAdiastolic: difference between the 
maximum diastolic fluorescence attained during the caffeine pulse and the diastolic fluorescence before caffeine. ON and OFF: moment of 
caffeine application and washout, respectively. (D) After 6 min of reperfusion, caffeine provoked a smaller increase in diastolic Ca2+ in the 
same heart. (£) Overall results of the experiments. Control indicates mean AAdiastolic values of the second of two successive pulses 
during pre-ischaemia, as shown in (B and C), expressed as% of the first one (B). Reperfusion (6 min) indicates mean AAdiastolic values of 
the caffeine pulse after 6 min of reperfusion expressed as % of the first caffeine pulse in pre-ischaemia [i.e. (D) as% of (B)]. n = 6. Asterisks 
(*)  indicate statistically significant differences (P < 0.05) with respect to pre-ischaemic value.
Ca2+ binding to the dye in the myoplasm and a negative component 
due to the unbinding of Ca2+ from the dye in the SR. The increase in 
heart temperature induced the extrusion of the free dye from the 
cytosol26 The dye loaded into the SR stays trapped inside the orga­
nelle and reports the SR-Ca2+ transient movements. Figure 5B shows 
a typical recording of luminal SR-Ca2+ at 1 min of ischaemia. 
Whereas SR diastolic fluorescence increased, the amplitude of 
SR-Ca2+ transient decreased after 1 min of ischaemia compared 
with pre-ischaemic level. Figure 5C depicts overall results of diastolic 
and systolic Ca2+ and SR-Ca2+ transient amplitude during the first 
5 min of ischaemia, where the increase in SR diastolic Ca2+ associ­
ated with a continuous decrease towards non-detectable values of 
SR-Ca2+ transients is evident.
Figure 5D shows typical recordings of luminal SR-Ca2+ transients 
in the pre-ischaemic period and at 2 and 5 min of reperfusion. As 
evident, reperfusion produced an abrupt decrease in luminal 
SR-Ca2+ content. These results clearly indicate that the transient 
E
increase in cytosolic Ca2+ during early reperfusion was primarily 
due to the release of Ca2+ from the SR. To further confirm this 
finding, caffeine pulses were applied to mice hearts loaded with 
Mag-fluo-4. Figure 5E represents a typical experiment (n = 3) in 
which the first caffeine pulse was fully reproduced by a second 
one applied 5 min later. At the onset of reperfusion (last trace 
to the right), caffeine evoked a small change in luminal diastolic 
SR-Ca2+ in the same heart, a result that should be expected 
from a reduced SR-Ca2+ content.
Figure 6 depicts overall results of the experiments in hearts loaded 
with Mag-fluo-4, showing the time course of intraluminal diastolic 
SR-Ca2+ during reperfusion. Noteworthy, resting diastolic Ca2+ 
level inside the SR just before reperfusion is significantly higher than 
that prior to ischaemia, as shown in Figure 5B and C. Results obtained 
with Rhod-2 in the ischaemia/reperfusion protocol are shown for 
comparison. The increase in diastolic Ca2+ in the cytosol (Rhod-2 flu­
orescence) is the mirror image of the decrease in diastolic SR-Ca2+
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Figure 5 Reperfusion induces a rapid Ca2 release from the SR. (A) Typical recordings showing the procedure for Mag-fluo-4 loading. (B and 
C) Typical recordings and overall results of intraluminal SR-Ca2 during ischaemia. (D) Decrease in SR diastolic Ca2 during the first minutes of 
reperfusion and typical recordings of SR-Ca2 transients obtained in an intact beating heart before ischaemia and during reperfusion. There is an 
initial decrease in the amplitude of SR-Ca2 transient compared with pre-ischaemia. The SR-Ca2 gradually recovered with time of reperfusion. 
(E) Two successive caffeine pulses during pre-ischaemia induced a similar decrease in SR-Ca2 . Inset: typical SR-Ca2 transients in an expanded 
scale. Last record: after 6 min of reperfusion caffeine provoked a smaller decrease in intraluminal SR-Ca2 .
(Mag-fluo-4 fluorescence). Insets in the figure depict typical records of 
Mag-Fluo-4 and Rhod-2 fluorescence in pre-ischaemia and during 
reperfusion. Taken together, the results imply that the beginning of 
reperfusion is associated with a release of Ca21 from the SR.
3.4 Electrical changes occurring during 
ischaemia/reperfusion
Ischaemic insults followed by reperfusion may also induce altera­
tions in cardiac excitability and dromotropism. To test whether 
mouse hearts displayed electrical alterations under our experimen­
tal conditions, we evaluated the electrophysiological function. 
Figure 7A illustrates that ischaemia produced dramatic alterations 
in the transmural ECG. The most notable features were an inver­
sion of the T-wave and a decrease in excitability illustrated by the 
inability of the stimulus to elicit an AP. The excitability completely 
recovered after 15 min of reperfusion. Similar results were 
obtained in other five from six experiments of this type.
Experiments, in which we determined the epicardial transmem­
brane AP by optically measuring AP in hearts loaded with 
Di-8-ANEPPS, showed that another typical electrophysiological 
change during ischaemia is the shortening of the AP due to the dra­
matic reduction in phase 2. Typical recordings obtained at different
times during the ischaemia/reperfusion are shown in Figure 7B. The 
AP shortening induced by ischaemia was maintained at the onset of 
reperfusion. Interestingly, pre-ischaemic AP waveshape was recov­
ered after 15 min reperfusion. Furthermore, the decrease in AP 
duration, both in ischaemia and at the onset of reperfusion, was 
associated with a triangulation of the AP waveshape. These AP 
changes tightly correlate with the time course of transmural 
ECG recorded simultaneously (Figure 7C). Overall results of the 
contribution of the phase 2 to the AP at different times during 
ischaemia/reperfusion are presented in Figure 7D.
Since the AP shortening occurred simultaneously with a 
decrease in cytosolic Ca2 1 transients, we hypothesized that both 
phenomena may be related: a decrease in Ca2 1 release from the 
SR would slow the forward NCX mode and diminish the influx 
of Na 1, a major component of late repolarization (i.e. phase 2) 
of the AP in the mouse hearts.27 Figure 7E shows that interventions 
that deplete the SR of Ca2 1, like ryanodine/thapsigargin or caffeine, 
were associated with a loss of phase 2 and triangulation of the AP. 
Taken together, these results suggest that the release of Ca2 1 from 
SR at the onset of reperfusion may be responsible for two conco­
mitant phenomena, namely, the decrease in Ca2 1 transient ampli­
tude and the disappearance of the plateau phase of the AP.
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Figure 6 The increase in diastolic Ca2 is the mirror-like image of the decrease in SR-Ca2 content. Overall results of Mag-fluo-4 fluor­
escence (upper panel) in pre-ischaemia and reperfusion (n — 9). Changes in diastolic level of Mag-fluo-4 fluorescence during reperfusion 
are presented in arbitrary units and normalized to the amplitude of the intra-SR-Ca2 transient before ischaemia. Each data point was calculated 
as the difference between current diastolic value during reperfusion and the pre-ischaemic diastolic value and then divided by the amplitude of 
the pre-ischaemic intra-SR-Ca2 transient. Results of Rhod-2 obtained in experiments from the same group (lower panel) are shown for com­
parison (n = 13). Changes in diastolic level of Rhod-2 fluorescence are expressed as percentage of the pre-ischaemic diastolic value. As shown, 
the recovery profile of SR-Ca2 (Mag-fluo-4) was a mirror-like image of cytosolic Ca2 (Rhod-2). Insets depict typical records of Mag-fluo-4 
and Rhod-2 fluorescence in pre-ischaemia and during reperfusion (Y-axis titles in the insets are the same as the figure).
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4. Discussion
The main findings of the present experiments are: (i) the transient 
increase in cytosolic Ca2+ at the onset of reperfusion is due to 
SR-Ca2 1 release; (ii) the SR-Ca2 1 release produces a decrease in 
SR-Ca21 content associated with a diminished Ca21 transient 
amplitude and shortening of the phase 2 of AP. To the best of 
our knowledge, this is the first study in which SR-Ca21 transients 
have been recorded in the intact heart. This approach clearly 
reveals the role of the SR in the increase in cytosolic Ca2 1 at 
the beginning of reperfusion. The results further suggest that the 
decrease in SR-Ca21 content produced by Ca21 release from 
this compartment may contribute to maintaining the diminished 
duration of the AP at the onset of reflow. This would create a 
scenario particularly prone to arrhythmias.
2. i4.1 Intracellular and subcellular Ca 
measurements in the intact beating heart 
Measurements of intracellular Ca2 1 handling during whole organ 
ischaemia/reperfusion have been reported since the late 1980s 
using different fluorescent indicators or the visible light-emitting 
protein aequorin.5,8,9 More recently, longer wavelength Ca21
reperfusion
indicators, like Rhod-2, were introduced.19 Rhod-2 has spectral prop­
erties that allow it to be used with optical mapping (OM) systems 
designed for potentiometric dyes.28 In the present study, we used 
PLFF microscopy, a novel technique previously described by us,20 
that allows for simultaneous or alternative detection of intraventricu­
lar pressure and cytosolic Ca2 1, SR-Ca2 1 transients, and transmem­
brane AP in the intact beating heart. This method improved the 
signal-to-noise ratio by combining the PLFF illumination with an inte­
grating current-to-voltage conversion and with a digital evaluation of 
the integrated photocurrent. One limitation of our study is that myo- 
plasmic Ca2 1 was only assessed at the epicardium and differences in 
Ca2 1 transients may arise from the ventricular transmural dispersion 
of the mechanisms underlying excitation-contraction coupling.29 
Moreover, since myoglobin (Mb) strongly absorbs light depending 
on tissue oxygenation, at 540 and 580 nm (oxy-Mb) and 550 nm 
(deoxy-Mb),30 it could be argued that this may affect Ca2 1 measure­
ments with Rhod-2. However, this possibility seems unlikely because 
similar results were obtained in ischaemia/reperfusion experiments, in 
which hearts were simultaneously loaded with Rhod-2 and Fluo-4 
(excited at 532 and 473 nm, respectively), supporting the idea that 
the changes of Rhod-2 signals observed reflect actual variations of 
Ca2 1 during ischaemia/reperfusion.
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Figure 7 (A-D) Ischaemia impairs electrical excitability and shortens AP. (A) Typical recordings of transmural electrocardiograms during pre­
ischaemia, ischaemia and reperfusion. Arrows indicate the moments when the electrical pacing was applied. (B and C) Typical recordings of 
intracellular AP and ECG measured simultaneously. Ischaemia significantly shortened phase 2 of AP. (D) Time course of the contribution of 
phase 2 to the AP, during ischaemia/reperfusion (Pre-lsc, 112, R1, and R30 indicate pre-ischaemia, 12 min of ischaemia, 1 and 30 min of reperfu­
sion, respectively). Asterisk indicates the results with P < 0.05 when compared with pre-ischaemia, n = 4-6 experiments in each group. (E) 
Depletion of SR is associated with a loss of phase 2 of AP. Two interventions that deplete the SR of Ca2 , like the combination of ryano- 
dine/thapsigargin (Ry/Thaps) or caffeine (Caff), were associated with a loss of phase 2 of the AP, n = 6. *P < 0.05 with respect to control 
(without drug, CTRL) (WO indicates Washout).
ReperTuslon |
The use of Mag-fluo-4 in the present study allowed us to assess, 
for the first time, SR-Ca2+ transients in the intact heart. This 
approach clearly shows a decrease in Ca2 1 content at the onset 
of reperfusion that was further corroborated with the diminished 
caffeine-induced Ca2 1 release. A major advantage of the PLFF 
microscopy is its much higher spatial resolution (up to 8 p.m) 
than other standard OM methods (usually 950 p.m). Moreover, 
avalanche photodiodes are 250 times more sensitive than PIN 
photodiodes generally used in OM.
4.2 Intracellular Ca‘ and Ca‘ dynamics 
during ischaemia/reperfusion
In agreement with the previous findings,4'89 the experiments 
described in this paper confirmed that there is an increase in cyto­
solic Ca2+ during ischaemia. Several mechanisms have been con­
sidered to explain this cytosolic Ca2+ increase. Most of these
mechanisms have been related to the acidosis associated with 
the ischaemic period like a decrease in Ca2+ myofilament respon­
siveness, a depression of SERCA2a activity and/or the mechanisms 
that extrude Ca2+, and an inhibition of RyR2.6,23,24 The dis­
sociation between the decrease in DP and the increase in cytosolic 
Ca2+ during ischaemia would support a decrease in Ca2 1 myofila­
ment responsiveness as a main factor responsible for the increase 
in cytosolic Ca2+ during ischaemia. Moreover, the prolongation of 
both the rising and relaxation kinetics of the Ca2+ transients would 
suggest an inhibition of RyR2 and a depression of SERCA2a activity. 
Indeed, previous experiments clearly showed that acidosis reversi­
bly inhibits RyR2.24,25
The data presented in Figures 5C and 6 imply that intra-SR-Ca2 1 
level was increased during ischaemia. This experimental obser­
vation supports our hypothesis that SR is one of the main 
sources of Ca2+ that is being released into cytosol during
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reperfusion. Indeed, in order to return to pre-ischaemic Ca2+ con­
centrations, SR. should extrude the extra Ca2+ ions accumulated 
during ischaemia.
4.3 The depletion of SR-Ca' content as 
the cause of the increase in diastolic Ca2+ 
at the beginning of reperfusion
The present results also confirmed an increase in cytosolic Ca21 at the 
onset of reperfusion.4,5 Although the mechanism of this increase in 
Ca2 1 is not clear, it is generally accepted that it results from Ca21 
influx from the extracellular space.6,7,10 Surprisingly, a possible role 
of the SR on cytosolic Ca2 1 overload at the onset of reperfusion 
has not been directly evaluated in intact beating hearts. The present 
results clearly showed that the SR directly contributes to the cytosolic 
Ca2 1 increase upon reperfusion. This contribution was confirmed by 
the measurements of cytosolic as well as intra-SR-Ca2 1 after caffeine 
application. This manoeuvre revealed a decrease in SR-Ca2 1 content 
at this time of reperfusion (Figures 4 and 5). More important, the 
decrease in SR-Ca21 content was directly detected by the estimation 
of SR-Ca21 with the fluorescent dye Mag-fluo-4 (Figure 5D). A small 
increase in cytosolic Ca2 1 during ischaemia and a further increase 
upon reperfusion were observed in Rhod-loaded rabbit hearts.4 It 
was found, however, that when the Kd for Rhod-2and Ca2 1 were cor­
rected for the temperature and pH to calculate cytosolic Ca2 1, the 
increase in Ca2 1 during ischaemia was greater than before correction 
and there was no further increase in Ca2 1 upon reperfusion. The 
present experiments showed that ischaemia increased cytosolic 
Ca2 1, in agreement with these previous findings, and a transient but 
consistent increase in Ca2 1 (Ca2 1 bump) was still detected during 
early reperfusion. Since this increase was temporarily associated 
with a decrease in SR-Ca21 content, assessed with a different dye, 
the possibility that it was an artefact seems unlikely. Moreover, 
control experiments demonstrated that a decrease in pH similar to 
that produced by acidosis, failed to affect diastolic fluorescence 
(data not shown). In any case, the main point of the present exper­
iments is to show that SR depletion occurs at the onset of reperfusion. 
This Ca21 release may be actually underestimated when measuring 
the bulk cytosolic Ca21, in which the Ca21 contribution of a smaller 
compartment like the SR, may be diluted. Experimental evidence indi­
cated that a fraction of the total SR was physically coupled and trans­
ferred Ca21 locally to the mitochondria in cardiac muscle.12 
Moreover, de Brito and Scorrano11 recently showed that mitofusin-2, 
a mitochondria dynamin-related protein, tethers ERto mitochondria, 
a juxtaposition required for efficient mitochondrial Ca21 uptake. In 
this scenario, it cannot be excluded that mitofusin may be also involved 
in destiny of Ca21 released by the SR. A mitofusin-mediated process 
leadingto direct and rapid uptake bythe mitochondria of the released 
SR-Ca2 1 might beat least co-responsible for the fact that the relatively 
strong SR-Ca21 depletion observed at the onset of reperfusion 
becomes hardly reflected in elevation of the basic concentration of 
free Ca2 1 in the cell. In any case, the Ca2 1 release from the SR 
described here is responsible for at least part of the cytosolic Ca21 
overload at the onset of reflow. Although the role of the SR at the 
onset of simulated reperfusion has been previously emphasized in iso­
lated quiescent ventricular cardiomyocytes, the cytosolic Ca21 
pattern observed in these quiescent cells differed from the ones 
observed in the intact beating hearts.18 The reason for these differ­
ences is not apparent to us. However, this may arise from the different 
ischaemia/reperfusion models and preparations described in the 
literature.
The trigger for SR-Ca2+ release at the beginning of reperfusion 
was not explored in the present experiments, but different mech­
anisms may contribute to this release. In the first place, the present 
results revealed that the SR emerged full of Ca2+ from ischaemia. 
Either the influx of Ca2+ from the extracellular space and/or the 
relief of RyR2 from the acidosis-induced RyR2 inhibition upon 
returning to normal pH may act independently or in combination 
to produce the release of Ca2+ from an overloaded SR. Indeed, 
recent experiments from our laboratory demonstrated that the 
return to normal pH after acidosis evoked a release of SR-Ca2+ 
produced by the rapid relief of the RyR2 from the previous 
acidosis-induced inhibition.25
4.4 The shortening of the AP at the 
beginning of reperfusion
Ischaemia evoked a shortening of the AP which still persists in early 
reperfusion and is mainly due to a decrease in phase 2 (Figure 7). 
The decrease in AP duration was associated with a triangulation 
of the AP waveshape. This AP shortening is also associated with 
a decrease in the amplitude of intracellular Ca2+ transients, 
which by slowing the direct NCX mode would decrease the 
Na+ influx, a main component of phase 2 of the AP in the 
mouse heart.27 The fact that SR-Ca2 1 depletion induced by differ­
ent interventions like thapsigargin/ryanodine or caffeine was sys­
tematically associated with a decrease in phase 2 and AP 
triangulation is in agreement with this hypothesis. It is known 
that early reperfusion is prone to arrhythmias. The present 
results support the idea that the described shortening of the AP 
may be a main contributor in the genesis of early reperfusion 
arrhythmias. Interestingly, the presence of triangulation, indepen­
dently of the length of AP, constitutes a proarrhythmic event.31
In summary, the present findings revealed for the first time that the 
increase in diastolic Ca2 1 at the onset of reperfusion is associated 
with a release ofCa2 1 from the SR. They also provided evidence indi­
cating that the SR-Ca2 1 depletion at the beginning of reperfusion 
underlies two related phenomena: a decrease in Ca2 1 transient 
amplitude and in AP duration. This would provide an adequate scen­
ario for the appearance of early reperfusion arrhythmias.
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